We have studied dynamic friction phenomena using a variety of experimental measurement approaches. We have combined thermoelastic stress analysis (TSA) and optical microscopy to measure both the stress field and the interface slip displacement in a model frictional contact. We use a plane stress, fiber pullouttype geometry to produce a line contact interface. The interface operated in the partial slip regime with no gross sliding. The stress field and slip displacement information allow us to construct a friction constitutive relationship directly from experimental data. We also use complementary interface modeling to physically interpret the experimental observations. The results suggest that the interface slip zone size is a nominally linear function of pullout force, while the interface slip displacement responds as a second-order function of distance along the interface. When combined, these observations suggest a scaling law for per-cycle energy dissipation of the form E ∼ F 3 o , where F o is the forcing amplitude. Experimental and modeling results are presented to support this conclusion.
BACKGROUND
Experimental characterization of frictional interface behavior presents a variety of challenges, perhaps most notably the desire to obtain spatially-distributed response information. Using an array of single-point sensors is difficult due to packaging constraints, as well as durability issues for sensors placed directly on the contact interface. We have recently turned to a full-field, non-contacting approach to interface characterization using thermoelastic stress analysis (TSA) and optical microscopy. TSA * Address all correspondence to this author: berger@virginia.edu. allows us to capture thermal signatures around a contact interface during time-dependent load events, velocity reversals, and stick-slip transitions. Optical approaches allow us to visualize the relative displacement field across the interface and estimate slip distances. This extended abstract details our experimental configuration, testing procedures, and some basic results of frictional characterization using thermoelastic methods and complementary models.
TEST SETUP AND MEASUREMENT APPROACH
We have examined a frictional interface with the plane stress, fiber pullout-type geometry shown in Figure 1 . The pads and pullout specimen are fabricated from a single piece of PMMA, with the contact surfaces finished by a series of polishing operations to an average surface roughness of 6 µm. The clamp load is applied using a hydraulic actuator, while the specimen is pulled at a controlled rate by a piezoactuator with the pullout force is measured by a load cell. The friction coefficient was characterized as µ = 0.14. We conducted tests with pullout displacements on the order of 100's of µm at both quasi-static and low frequency (< 50 Hz) conditions.
The TSA temperature field is captured using a DeltaTherm infrared camera with resolution of 0.003 K, typically over a spatial field of a few cm spanning the contact area. In this way, the location of the stick-slip boundary can be determined from the in-phase image. The out-of-phase image, not shown, highlights the dissipative component of the experiment, from which information about frictional heating and energy dissipation can be extracted.
RESULTS
We have compared the TSA results for slip length with predictions of a shear-lag-type model developed as part of this research effort [1] . We have performed pullout experiments at various displacements (corresponding to different pullout stresses), and interfacial slip length has been determined using line scans as shown in Figure 2(b) . The analytical model used for comparison employs components of both shear-lag theory (for large slip zones) and contact mechanics (for small slip zones) to develop a consistent set of predictions which match the experimental results reasonably well (Figure 3) . Here, we have normalized the pullout stress by the stress required to completely slip the interface, and the slip length by the total interface length. At small slip length, the behavior is governed by edge-of-contact effects,
Results and Discussion
We have discussed the shear lag and contact mechanics approaches to understand the propagatio of slip zones for flat-on-flat contacts under combined normal and tangetial loading. The therm elastic stress analysis technique is presented as an experimental method to directly correlate t temperature field to the stress state of the friction interface. We now proceed to compare the resul from the analytical and experimental techniques.
Appropriate material constants and geometrical dimensions are substituted in Equations 5 an 26. Note that all quantities except for the coefficient of friction (µ) are known a priori. Fitting t experimental data to the analytical curve is achieved by choosing a suitable value for µ. 
Unified Analytical Approach
Sridhar et al [39] note that whereas the shear lag approach devised for axisymmetric geometries ca be applied to plane stress configurations, the results for small slip lengths may not be trustworth As such, the shear lag approach is not appropriate for slip lengths smaller than the width of t fiber (f = 2 mm). For our experimental setup, this translates into a normalized slip length small than 0.1 (l s /L = 2/20). Indeed we observe from Figure 5 that the shear lag approach is not suitab for small slip zone sizes. The contact mechanics approach, on the other hand is a better fit to t experimental data.
The interface stress fields predicted by the shear lag approach are always depict exponential deca irrespective of the local boundary conditions. The shear lag approach is therefore appropriate f slip lengths that are not in the vicinity of the boundary of contact. The contact mechanics approa provides a better estimate of the debonding behavior for small slip lengths. To combine the resul obtained by the two approaches we propose a unified approach that combines the results obtain by the two theories as is appropriate. Figure 5 shows a comparison of the two approaches. We ca formulate the unified approach as follows: in which the (rounded) corner geometry promotes slip. This effect is captured by the contact mechanics approach, while the specifics of the corner geometry are neglected in the shear-lag analysis. At larger slip length, the details of the edge of contact are less important, and the shear-lag theory lines up reasonably well with the experimental observations.
We have also implemented an optical microscopy approach in which a FIB ruler is milled onto each side of the interface. By inspecting the interface for relative displacement of the components, we have mapped the slip displacement onto a second-order function of distance from the stick-slip boundary. These results, when combined with the slip length behavior of Figure 3 , suggest a power law scaling for energy dissipation of the form E ∼ F 3 o , where E is the frictional energy dissipation and F o is the pullout stress amplitude. This result is not entirely unexpected in light of the many dissipation scaling results reported in the literature containing power law exponents between 2.5 and 3.0.
